(Bacterio)phage PVP-SE1, isolated from a German wastewater plant, presents a high potential value as a biocontrol agent and as a diagnostic tool, even compared to the well-studied typing phage Felix 01, due to its broad lytic spectrum against different Salmonella strains. Sequence analysis of its genome (145,964 bp) shows it to be terminally redundant and circularly permuted. Its G؉C content, 45.6 mol%, is lower than that of its hosts (50 to 54 mol%). We found a total of 244 open reading frames (ORFs), representing 91.6% of the coding capacity of the genome. Approximately 46% of encoded proteins are unique to this phage, and 22.1% of the proteins could be functionally assigned. This myovirus encodes a large number of tRNAs (n ‫؍‬ 24), reflecting its lytic capacity and evolution through different hosts. Tandem mass spectrometric analysis using electron spray ionization revealed 25 structural proteins as part of the mature phage particle. The genome sequence was found to share homology with 140 proteins of the Escherichia coli bacteriophage rV5. Both phages are unrelated to any other known virus, which suggests that an "rV5-like virus" genus should be created within the Myoviridae to contain these two phages.
night at 37°C, and lytic activity was checked for the formation of clear areas and phage plaque formation on the bacterial lawns.
DNA extraction. Phage DNA was extracted using the Wizard DNA clean-up system from Promega Corporation (Madison, WI) according to the manufacturer's instructions. DNA was precipitated by adding sodium acetate to a final concentration of 0.3 M and an equal volume of absolute ethanol. The precipitated DNA was collected by centrifugation at 15,000 ϫ g for 15 min at 4°C, washed with 70% ethanol, and air dried. The DNA was then resuspended in ultrapure water (60) .
Genome sequencing and analysis. DNA was subjected to pyrosequencing by the McGill University and Génome Québec Innovation Centre (Montreal, QC, Canada), resulting in a single contig with 40ϫ coverage. The assembled sequence was initially subjected to automated annotation using AutoFact (39) .
The annotated data were then incorporated into Kodon (Applied Maths, Austin, TX), which allowed for visual inspection of the annotation's quality. A compendium of online tools (http://molbiol-tools.ca) was used for protein analysis. Proteins were screened for homologs using Batch BLASTP at the Greengene facility at the University of Massachusetts, Lowell, MA (http://greengene .uml.edu/programs/Local_Blast.html). The molecular sizes, isoelectric points (pIs), solubility, and charges of the proteins were predicted by using Seqtools (http://www.seqtools.dk). Protein motif searches were conducted through BLAST, with prediction of transmembrane domains conducted using TMHMM (http://www.cbs.dtu.dk/services/TMHMM), Phobius (35) , and Octopus (74) . Lipoproteins and signal peptides were predicted using LipoP (34) , LipPred (72) , and SignalP (5) .
The genome was screened for tRNA-encoding genes using tRNAScan-SE (48) . Promoters were screened using the string search engine in Kodon for the consensus sequence (Ϫ35)TTGACAN [15] [16] [17] [18] TATAAT(Ϫ10), with only one potential error. Potential rho-independent terminators were identified using MFOLD (83) .
Codon usage was determined using DNAMan (Lynnon Corporation, PointeClaire, QC, Canada). Whole-genome comparisons were made at the nucleotide level with Mauve (12) (using a progressive alignment with the default settings) and CGView (22) and at the proteomic level with CoreGenes (81) and BLASTatlas (27) .
Proteomic analysis. For the identification of PVP-SE1 structural proteins, SDS-PAGE was carried out on CsCl-purified phage particles. The phage solution was reduced in 2 mM 2-mercaptoethanol, heat denatured (95°C, 5 min), and loaded onto a standard 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel. After the gel was stained with Coomassie G-250 (SimplyBlue SafeStain; Invitrogen, Carlsbad, CA), the entire lane was cut into slices and subjected to trypsin digestion (63) . The peptides generated were subsequently identified using electrospray ionization-tandem mass spectrometry (ESI-MS/MS) as described previously (44) . All MS data were analyzed using SEQUEST (Thermo Finnigan, San José, CA), with minimal cross-correlation values of 1.8, 2.5, and 3.5 considered for singly, doubly, and triply charged peptide ions, respectively.
Nucleotide sequence accession number. The genome sequence of PVP-SE1 was deposited in GenBank under accession no. GU070616.
RESULTS AND DISCUSSION
Virological and genomic features of PVP-SE1. Morphologically, phage PVP-SE1 belongs to the family Myoviridae and is characterized by an icosahedral head with an 84-nm-diameter apex and a contractile tail of 120 by 18 nm with short tail fibers (Fig. 1) . Superficially, it resembles Salmonella phage Felix 01, though that phage is smaller (head, 72 nm; tail, 113 by 17 nm) (75, 77) . In contrast to 01, it has no collar, the tail sheath shows no crisscross pattern, and the baseplate does not separate from the sheath upon contraction. Phages PVP-SE1 and rV5 are morphologically identical.
The circularly double-stranded DNA (dsDNA) genome was opened immediately upstream of the conserved rIIA and rIIB genes (genes 1 and 2, respectively) to facilitate whole-genome comparisons among myoviruses (especially with rV5) (42) . The 145,964 bp composing the phage genome presents an overall GϩC content of 45.6%, which is slightly more AT rich than its bacterial host genomes (approximately 50 to 54% GϩC content).
A broad host range can be facilitated by resistance to restriction endonucleases because of a lack of cleavage sites or by production of antirestriction proteins, such as T7 Ocr, which inhibits the activity of type I restriction endonucleases (11, 62, 76) . In silico analysis revealed that the phage DNA has no cleavage sites for the Salmonella type II restriction enzymes SbaI (CAGCTG) and SthBI (GGTACC) but that it possesses 141 sites for SblAI (CCWWGG). Numerous sites were found for type I endonucleases. PVP-SE1 gp9 is homologous to an enterobacterial phage TLS protein defined as a DNA cytosine methyltransferase. gp9 may thus methylate cytosine residues at endonuclease sites, allowing the phage to escape restriction mediated by enzymes encoded in its hosts (20) .
Genome of phage PVP-SE1. (i) ORFs and tRNA genes. We identified and defined 244 open reading frames (ORFs), 98 of which are transcribed from the complementary strand (Fig. 2) . We did not observe significant differences in the GC contents of ORFs oriented in opposite directions or in the total numbers of ORFs, which presented, on average, a GC content of 45.0%. The ORFs represent 91.6% of the phage sequence, reflecting the compactness of PVP-SE1's genome organization, and is similar to those of other tailed dsDNA phages.
Like coliphage T1, PVP-SE1 presents an unusually high percentage of small ORFs. We have found 88 proteins (36%) with fewer than 100 residues encoded by the PVP-SE1 ge- nome. However, unlike with T1, their ORFs are equally distributed along the genome (58) .
The initiation codon usage of this phage was quite similar to that of the overall bacterial genomes deposited in the National Center for Biotechnology Information (NCBI) database, with ATG starting 84.5% of the proteins, GTG starting 6.5%, and TTG starting 5.7%. The rare initiation codons ATT, ATC, and CTG were found in a minority of the phage proteins, specifically, 4 (1.6%), 3 (1.2%), and 1 (0.4%) of them.
Defined ORFs were further annotated according to similarity to known proteins deposited in the NCBI nonredundant database, along with motifs (see supplemental Table 2 at http: //biopseg.ceb.uminho.pt/SilvioSantos/Phage_PVP_SE1_genome _annotation_table.pdf). From this analysis, 54 (22.1%) gene products (gp's) presented obvious similarity to proteins of known function and thus were tentatively assigned a function. This situation is similar to that of other phages (e.g., T4, KZ, and Ea21-4), for which the origins of the majority of their genes are unknown (46, 53) . In addition, 78 (32.0%) of PVP-SE1's gene products were found to resemble functionally unassigned proteins. None of these proteins showed similarity to known bacterial pathogenicity factors or to known lysogenyrelated proteins. The remaining 112 (45.9%) gene products were found to be unique for this phage.
Two regions were found to be devoid of ORFs. The first region extends from 62.7 to 67.5 kb and contains genes for tRNAs, while the second is found between kb 116.5 and kb 118.8. In an effort to determine whether this region served as the replication origin, we used Ori Finder analysis (19) , but it failed to define the Ori sequence of this virus.
The low GϩC content of the phage may result in problems of codon usage during phage infection (59) . The PVP-SE1 genome is predicted to encode 24 tRNA genes, a much larger number than that of rV5 (6 tRNAs) and also more than that of Felix 01 (22 tRNAs), which can overcome the phage codon usage problem. Phage tRNA genes were found upstream of the morphogenesis cluster between genes 80 and 89. The large number of tRNAs seems to be a characteristic of virulent phages and proportional to the phage genome size (3). The presence of tRNAs in a phage genome has been argued to compensate for differences in codon usage between the phage and the host, corresponding to codons that are expected to be poorly translated by the host machinery (3) . From the 24 tRNAs found in the PVP-SE1 genome, 11 (considering the duplicated tRNAs corresponding to the ATG and ATC codons) were found to be present at a frequency 1.5 times higher in the phage than in its Salmonella hosts (Fig. 3) . While phage-encoded tRNAs that recognize rare codons make biological sense, to the best of our knowledge, the presence of other tRNAs could be argued as (i) enhancing translation or (ii) functioning in alternative hosts where that tRNA is in lower abundance. The large number of tRNA genes and their strategic locations might enable the phage to translate its sequence more efficiently, reducing its latency time and increasing its reproduction rate and thus its infectivity (3). The presence of two tRNA genes translating the codon ATG may also be used as a backup in the supply of tRNA-Met when RNA ligase 1 is not present or is inefficient, thus constituting a way of evading a host defense mechanism through nucleases (7, 54, 78) .
(ii) Genome organization. The PVP-SE1 genome appears to be organized into clusters to which different functions can be attributed: nucleotide metabolism, DNA replication, morphogenesis, and lysis. In the following sections, we will address the major findings on each of these clusters.
(iii) Nucleotide metabolism and genome replication. Pools of nucleotides and NADH and NADPH are essential for efficient phage DNA synthesis. Phosphoribosylpyrophosphate is the intermediate central metabolite in both the de novo and salvage synthesis of nucleotides and NAD ϩ , and its synthesis is catalyzed by a phosphoribosylpyrophosphate synthetase, PVP-SE1 gp97 (29, 33) . NAD is a common coenzyme in redox reactions and thus plays a critical role in cellular metabolism (82) . It is needed in the actions of thymidylate synthase (gp134) and ribonucleotide reductases (gp138, gp139, gp141, and gp142) and also as a substrate of DNA ligase (gp110) and sirtuins (gp109) (30) . The biosynthesis of NAD can be carried on in two different pathways: the de novo pathway and the salvage pathway (30, 57, 82) . In both pathways the enzyme nicotinamide mononucleotide adenylyltransferase, encoded by gene 26, is central in NAD ϩ biosynthesis because it catalyzes the condensation of nicotinamide mononucleotide (NMN) and ATP to NAD ϩ and pyrophosphate (57, 82) . One of the intermediates of the de novo pathway, nicotinamide (Nam), is converted to NMN through the action of Nam phosphoribosyltransferase, encoded in PVP-SE1 by gene 96 (30, 57) .
The synthesis of deoxyribonucleotides is dependent on the synthesis of ribonucleotides, since the latter are used as substrates in an enzymatic reduction to form the nucleotides needed for the DNA synthesis (15) . This reaction is catalyzed under aerobic conditions by the ribonucleotide reductase enzymes ribonucleoside triphosphate reductase (gp138) and ribonucleoside diphosphate reductase (gp139) and under anaerobiosis by the enzymes anaerobic ribonucleoside-triphosphate reductase (gp142) and anaerobic NTP reductase (gp143), which require electrons donated from the dithiol groups of the protein glutaredoxin (gp141) (6, 15) . In this reaction, NADH and NADPH are the initial sources of electrons (15, 26) . As in phage T4, these anaerobic enzymes allow the phage to improve its infection efficiency under such conditions (79) . The deoxynucleotide TMP cannot be synthesized through ribonucleotide reductase, and thus another enzyme is needed to accomplish this task. Thymidylate synthase, the gp134 of PVP-SE1, is the enzyme that catalyzes the conversion of dUMP to TMP, and to accomplish this task, like ribonucleotide reductases, it requires the NAD ϩ cofactor (36, 46, 53) . Further, the codification of a protein involved in phosphate transport (gp147) might enable the phage to grow even under conditions of phosphate depletion (37, 50) .
The genome of PVP-SE1 codes for several proteins directly involved in DNA replication and recombination. We identified three genes related to the primase/helicase system: gene 3, (54) . Homologs to these proteins are not found in PVP-SE1. As with many phages, PVP-SE1 also codes for a DNA ligase (gp110).
(iv) Morphogenesis: proteomic and in silico analyses. The PVP-SE1 morphogenesis cluster is predicted to extend from gene 76 (terminase large subunit) to gene 40, which lies adjacent to the DNA replication and nucleotide metabolism cluster on the other strand (Fig. 2) . From these 36 proteins, 26 (gp40 to gp65) seem to represent tail, baseplate, tail fiber, and other morphogenesis-associated proteins.
The structural proteins of CsCl-purified phage particles were resolved by SDS-PAGE, allowing the detection of at least 21 protein bands (Fig. 4) . Analysis of the entire lane of the SDS-PAGE gel by ESI-MS/MS led to the experimental identification of 25 predicted proteins, with sequence coverage of up to 91.4% (Table 1) . As expected and as generally found in the majority of phages, the most abundant protein was identified as gp71, the major head protein. The second-most-abundant protein is also related to the phage capsid and corresponds to the head stabilization-decoration protein (gp72), followed by gp61, which has no discernible function.
The agreement between the predicted and observed protein molecular weights suggests that the majority of these proteins are not proteolytically modified. Thus, gp151 (ClpP protease) seems to have no activity on these proteins but probably does on others that were not identified during ESI-MS/MS, includ- ing gp73, the predicted scaffold. With the exception of gp10 and gp19, the identified structural proteins are encoded by genes belonging to the above-defined morphogenesis cluster. Four other proteins (gp42 to gp44 and gp66) encoded by genes inside the morphogenesis cluster but not identified in the ESI-MS/MS approach were found to present transmembrane domains. This suggests that the assembly of some phage PVP-SE1 components is associated with the cell membrane, as in phage T4 (e.g., baseplates and proheads are anchored to the host cytoplasmic membrane via proteins with transmembrane domains) (54) . The tail of PVP-SE1 is complex and contains at least five proteins ( Table 1 ). The small terminase subunit gene should be located directly upstream of gene 76, but there were no conserved motifs in any neighboring gene product with homology to known small-subunit terminases, which may be attributed to the low sequence similarity among such proteins, thus preventing its identification. The absence of a recognizable small terminase subunit may place PVP-SE1 among other phages which rely only on the large terminase subunit, including Bacillus subtilis bacteriophage 29, Erwinia phage Ea21-4, coliphage rV5, and also Felix 01 (46, 77) . Because of the terminally redundant genome and the presence of the terminase unit (gp76), we presumed that the PVP-SE1 genome is packaged by a "head-full" mechanism (40, 41) . However, the nonidentification of the terminase small subunit may suggest that PVP-SE1 also has an alternative DNA packaging strategy (25, 46) .
(v) Host recognition. Along with gp46, gp45, and gp41, gp40 seems to be involved in tail fiber synthesis. This is suggested by its position and the presence of an Ig-like domain (NCBI database accession no. pfam02368; Big_2). These domains are usually found in bacterial and phage surface proteins as cell adhesion molecules and are usually associated with tail fiber, baseplate wedge initiator, major tail, major head, or highly immunogenic outer capsid proteins of phages (17) .
The 712-amino-acid product of gene 49 presents unusual homology properties since it harbors a wcaM (GenBank accession no. EGR63372) motif (E value, 4.69eϪ19) and homology to Escherichia and Shigella putative colanic acid biosynthesis proteins from residues 264 to 446. Salmonella strains are known to produce colanic acid-containing exopolysaccharides under specific environmental conditions (23, 24, (65) (66) (67) 71) . The N terminus shows sequence similarity to both gp43 (GenBank accession no. YP_002003545.1) and gp41 (YP_002003543.1) from coliphage rV5. The gene for the latter protein is designated to specify a putative tail fiber protein.
Moreover, gene 49 is surrounded by genes encoding tail fiber proteins. Sequence similarity to a colanic acid-degrading protein from phage NST1 (ADI49571.1) (E value, 2eϪ81) exists between residues 106 and 658 (14) . These facts suggest that phage PVE-SE1 probably specifies several types of tail fibers, one of which possesses colanic acid depolymerase activity.
It has been observed that many Salmonella phages use as receptors lipopolysaccharide (LPS) found in the outer membranes of Gram-negative bacteria (41, 42) . Since it is possible that phage PVP-SE1 may use LPS for phage attachment, we investigated this by testing different mutants of Salmonella Typhimurium LT2, with different degrees of deletion in the LPS (Fig. 5) , for susceptibility to this virus.
We observed that PVP-SE1 is able to infect all mutants except the Rd1 and Rd2 mutants with roughly the same efficiency of plating. The fact that infections with the wild-type strain and Ra mutants result in turbid plaques but that infections of most mutants defective in core polysaccharide assembly result in clear plaques suggests that the true receptor for this phage is the LPS inner core region (Fig. 5) , as in the broad-host-range temperate phages P1 and P2 (47) . This fact is also supported by the fact that PVP-SE1 infects both E. coli BL21 and K-12 (47) . The inner core region is conserved in many enterobacteriaceae and similar in Salmonella Typhimurium and some E. coli strains. As a consequence, the ability of the phage to use it as a receptor may account for PVP-SE1's broad host range and also its ambivalent nature in infecting E. coli (28, 61) . Moreover, phage Felix 01 binds to receptors in the LPS outer core (it is unable to infect the Rb2 mutant), a less conserved region, which may explain the broader spectrum of phage PVP-SE1 than that of Felix 01 (31, 61) . Unlike phage T7, which also binds to the inner core of LPS, the presence of the LPS O antigen does not prevent PVP-SE1 from reaching and binding the host LPS inner core and consequently from producing lysis (47, 55) . This enables the phage to infect both rough and smooth bacteria. While PVP-SE1 cannot infect the Rd1 and Rd2 mutants, it is able to infect the deep rough (heptoseless) Re mutants. This suggests that the phage, like coliphage T4, may recognize more than one surface receptor: LPS and probably an outer membrane protein which might have become more easily accessible through the lack of LPS, thus increasing the lytic spectrum of PVP-SE1 (75) .
(vi) Lysis. The majority of dsDNA phages use a lysis cassette with holins and endolysins to puncture holes through the cytoplasmic membrane and degrade the peptidoglycan layer of the cell wall. In phage PVP-SE1, gp146 is, according to motif analysis, a member of the lysozyme-like superfamily (cl00222). This protein presents at its N terminus a peptidoglycan binding domain (cl0244), common in enzymes involved in bacterial cell wall degradation and also found in endolysins of Gram-positive phages (4, 8, 10, 16) . The presence of a binding domain is quite unusual among phage lysozymes infecting Gram-negative bacteria, which are characteristically single-module proteins, rendering this endolysin quite interesting.
The genes for holins are usually found directly upstream of the endolysin, sometimes even overlapping it (80) . Analysis of gp144 and gp145 failed to reveal any transmembrane domains, which are considered a hallmark of holins. Gp78, gp81, gp116, gp119, and gp120 are potential candidates for holins, since they are quite small proteins and contain transmembrane domains and also a signal peptide, although they do not possess homology to any known holin (80) .
Equivalents to the Rz/Rz1 accessory lysis genes are ubiquitous in phages infecting Gram-negative bacteria (69) . Taking into consideration the characteristics set forward by Summer and colleagues (69) , genes 78 and 77 can be postulated to be equivalents to the separate prototype Rz and Rz1 genes also found in phages VP4 and T4. In addition to the Rz and Rz1 genes having separate coding sequences, the start codon for the Rz1 gene (gene 77) overlaps the stop codon of the Rz gene (gene 78), as in phage T4. These genes in PVP-SE1 are associated with the terminase large-subunit gene, but as in phage Bcep781, they present the less common feature of not being associated with other lysis genes (69) . Besides lacking a canonical lysis cassette with a similar organization of the Rz/Rz1 genes, PVP-SE1 shares the presence of the rIIA and rIIB genes with the T4 genome.
Another protein with putative peptidoglycan digestion activity is gp243, which encodes the cell wall hydrolase SleB, an N-acetylmuramoyl-L-alanine amidase (the same type as the T7 endolysin), which is implicated in Bacillus subtilis spore germination (38, 49, 56) .
Comparative genomics of PVP-SE1. We found gene homologs in the three families of the Caudovirales order, with the majority being in the Myoviridae, showing that mosaicism is present in all phage genomes to various extents (9) . Although phage PVP-SE1 morphologically resembles Salmonella phage Felix 01, only two proteins have close homologs in the phage's genome. In GenBank, the closest homolog to PVP-SE1 is the Escherichia myovirus rV5. Comparisons of the whole genomes of PVP-SE1 with Felix 01 and of PVP-SE1 with rV5 at the nucleotide level using Mauve and BLASTatlas revealed a very low level of similarity of PVP-SE1 with Felix 01 and a considerable degree of sequence similarity with rV5 (Fig. 2) . Furthermore, these two genomes (rV5 and PVP-SE1) present very similar lengths (137,947 bp and 145,964 bp), numbers of ORFs (233 and 244), and GC contents (44.6% and 45.6%).
Comparisons of the PVP-SE1 and rV5 genomes at the proteomic level using BLASTatlas and CoreGenes reveals that both phages share roughly 60% of their proteomes (140 proteins with a score of 30 or, using BLASTP, 100 proteins with a default score of 75), with similar gene orders (Fig. 2) . Two protein clusters, gp40 to gp78 (morphogenesis) and gp103 to gp154 in the PVP-SE1 genome, present high homology, and the order of their genes is very well conserved in both genomes (PVP-SE1 and rV5). The presence of homology in the tail fiber genes of these two phages can be attributed to their close relationship and to their ability to infect common hosts (E. coli). The comparison of the PVP-SE1 and Felix 01 genomes at the proteomic level using CoreGenes revealed only 32 shared proteins with a default score of 75 (91 shared proteins with a score of 30).
It was proposed by Lavigne et al. that phages can be considered to belong to the same genus when the number of their shared homologous proteins is equal to or above 40% (43, 45) . According to this classification, PVP-SE1 and rV5 are related. Due to the existence of this kinship and because rV5 is unrelated to any other known phage (43), we propose that PVP-SE1 and rV5 should be classified as "rV5-like viruses." Conclusions. We have described here the genome and proteome of the Salmonella myovirus PVP-SE1. The 146-kb genome encodes 244 ORFs and 24 tRNAs. The majority (77.9%) of the proteins encoded by the phage are of unknown function, and of these, approximately 46% are unique to this phage. This high percentage of proteins with unknown functions, a common feature among sequenced phages, suggests the need for further functional studies.
The proteomic analysis revealed that at least 25 structural proteins make up the mature phage particle and confirmed the annotations of some of the genes. The phage PVP-SE1 sequence has revealed interesting features which may contribute to its broad host range in the genus Salmonella: a lack of restriction sites, a putative methylase and core LPS and membrane receptor recognition. These findings, coupled with the lack of lysogeny-associated genes in PVP-SE1, indicate that the phage has a high potential for controlling Salmonella bacteria. This high potential may also be valuable in phage therapy, in surface and food disinfection, and also as reliable diagnostic tools in identifying the pathogen in clinical and environmental samples.
Due to the high homology of the genomes and proteomes of PVP-SE1 and rV5 and because these phages are unrelated to any other known phages, we propose the creation of a new phage genus: the "rV5-like viruses."
